INTRODUCTION
Transmission of electrical energy by high voltage direct current (HVdc) transmission lines over long distances has proven to be an attractive alternative to high-voltage alternating current (HVac) transmission lines, primarily because of the greater efficiency of HVdc transmissions. The +400 Celilo-Sylmar HVdc Intertie between Oregon and California has demonstrated the feasibility of long-range HVdc systems in the United States; other HVdc transmission lines are in planning and construction stages. However, implementing this relatively new technology raises concerns about potential environmental effects.
The environment near HVdc transmission lines is affected by the operation of the lines, which are designed to operate at high voltages with the conductors near or in corona.
Environmental effects include:
complex electric fields, space charges, noise, radio and television interference (RI, TVI) and oxidants.
This paper discusses one environmental concern--unresolved ozone production rates under actual field conditions from the operation of a HVdc transmission line.
Although laboratory tests of DC corona discharge [1] have provided the basis for models that predict low concentrations of ozone [2] , questions have been raised concerning the validity of extrapolating laboratory tests to actual lines and conditions. The greatest corona losses on operation of either HVdc or HVac lines occur during precipitation, a condition difficult to model in laboratory tests. The corona modes under field conditions may differ from those in the laboratory tests. Corona loss refers to the electrical energy lost by corona discharge from the energized conductors. This loss is equated to a corona current which can be measured directly when corona is the only electrical load on the conductors.
Ozone production rates clearly depend on the corona loss. In wind tunnel tests, ozone production rates for DC corona were about three times larger for the negative pole than for the positive pole for the same corona current values [1] . Studies of AC corona found that the rate of ozone production increased as the square of the surface gradient factor [3] . Ozone plumes from AC corona have been measured under extreme field conditions [3] .
In addition, corona loss has been shown to vary with transmission line configuration and changes in ambient atmospheric conditions [4] . The corona loss on HVdc transmission lines was shown to be a function of wind speed, rain, snow, and fog, with a slight dependence on relative humidity. The Bonneville Power Administration study showed that the corona loss on an operational HVdc line typically increased between a factor of 2 and 5 during the onset of precipitation conditions, with the greatest change being an order of magnitude increase. With regard to wind speed, the empirical relationship for variation of corona current for all conditions was CL = 1.6 + 0.44 V (1) where CL was corona current per kw per conductor (km) and V was the wind speed between 0 and 10 m/s.
The study discussed herein sought to define the ozone concentrations attributed to DC corona losses under actual field conditions. To accomplish this objective specially formulated field studies were conducted over a range of natural conditions at a HVdc transmission test line.
These studies included detailed profiles of ozone, temperature and moisture using a roving probe system. Corona losses were determined using the total current losses on the test conductors. These measurements were used to define the magnitude of the ozone line-source term on the HVdc test lines.
Although the causes of and the influences on ambient surface-layer ozone concentrations may be debated - ([5] , [6], and [7] ), the magnitudes of typical ozone concentrations are defined here for comparative purposes.
Values ranging from a few ppb to 50 to 60 ppb are typical ambient values at remote sites and values over 100 ppb are not uncommon at sites under urban influence.
OZONE PRODUCTION RATE ESTIMATES
Ozone production rates from corona on the conductors can be estimated in two ways: from the line operating variables with a normalized source term, or from measured increases in atmospheric ozone concentrations.
For computation based on lline operating variables, the rate of ozone production is assumed to be directly related to the corona current. Basing their 656 production rates on wind-tunnel tests by Scherer et al . [1] , Roach et al. [3] give production rates of 1.2 x 10-9 and 0.4 x io-9 kg/W/s for negative and positive conductor corona, respectively.
The corona current measured at The Dallas HVdc test facility is for two -line sections. The line section for these tests accounts for 0.6 of the measured corona current, and has a length of 2.02 km. Ozone source strength for negative and positive poles, Q-and Q+, for each 1 mA of total corona current and each 100 kV of voltage are Q-= 1.9 x 10-2 ppb m2 S-1 Q-= 0.6 x 10-2 ppb m2 (2) 
A combination source strength for both poles, Q, is, = 1.2 x 10-2 ppb m2 s-5 I 2 (4) for each 1 mA of corona current and each 100 kV of bipolar voltage.
The ozone produced on the conductors consisted of two elevated parallel line sources of ozone, one on each pole. Using a Gaussian plume model for flow perpendicular to the conductors, the centerline ozone concentrations (X) i'n ppb from a conductor was given by: The above discussion provides two independent methods of computing ozone production rates on the energized conductors. Equations (2), (3), and (4) [14] ).-Using a single-intake line and monitoring system results in profile accuracies much better than those received using multiple fixed-height systems. -The relative calibration errors between monitors are eliminated. The profile accuracy depends on the sensitivity of the ozone monitor (+0.34 ppb). The detailed vertical profiles allow definition of upwind sources of ozone in terms of the peak values and widths of the plumes (Figure 1 The profiles in Figure 1 refer to average profiles at an ideal site with a good uniform fetch for development of vertical profiles. Individual, instantaneous -,natural profiles will show more variability than that illustrated-i-n Figure 1 Figure 2 is a schematic diagram of the site, and includes the experiment installation and instrumentation. The figure shows the instrumentation in an ideal configuration on a flat site with horizontal distances collapsed. The actual site was on sloping terrain with about a 2.5 m drop from under the conductors to the base of the profile tower.
This site does not correspond to ideal sites (good fetch, uniform surfaces upward, no slope,. etc.) for which dispersion data are available ( [15] , [16] .) The complex influences at the site are expected to result in greater dispersion than the 1-to 3-m range of oz values estimated for a corresponding uniform site. The field installation (see Figure 2 ) had ozone monitors at both sides of the conductors. Based 'on the prevailing wind direction at the site, the left side of this site, as shown in Figure 2 , was instrumented with the "upwind" monitor for ozone concentrations at the 'conductor height. The 'right side was intensively instrumented as the "downwind" monitor. The right side included roving-profile 'capabilities for ozone, air temperature and humidity.
Fastresponse wind and temperature sensors 'were at three f i xed he i ghts on 'the '"profile tower." The si te was also instrumented for precipitation. A fixed-height wind speed and direction system was used for real-time monitoring. Except for the latter system, the outputs of all systems were recorded on magnetic tape in data blocks at the rate of 1. A predicted ratio of the peaks for Figures 7 and 8 is 0.38 (5 to 2). This was computed from test-line parameters independent of the profile, accounting for the different distances to the conductors; corona currents (59 mA for the positive pole and 60 mA for the negative pole); the unequal production rates for each pole; and the 500 kV voltage on the conductors. This ratio is close to the ratio of the observed peaks.
Lacking detailed wind records, the consistency of ozone production rates may be checked by solution for the implied wind speed. The profile peak has a value of about 5 ppb and a vertical standard deviation(oz) of about 4 m. Equation (5) may be solved for the windspeed component perpendicular to the conductors, u. For the voltage (550 kV) and the negative conductor corona loss (60 mA), an estimate of the implied wind speed component is 0.5 m/s.
The minor peak at 12 m is not as well defined as the peaks at 20 m. Assuming a positive conductor source and cz = 3 m (negative pole az adjusted for a shorter distance), the peak of 1 to 2 ppb produces estimates of u = 0.3 to 0.5 m/s.
The maximum corona loss occurred at 17:15 (see Table 1 ). This maximum loss was associated with several ozone profiles with larger changes in ozone concentrations. The peaks in profiles, such as shown in Figure 7 , range up to 10 ppb with large vertical standard deviations. Solving Equation (5) The wind direction was relatively steady with a downwind component across the conductors towards the profile tower. The speeds were between 6 and 10 m/s. The average speed was 7.5 m/s compared to the average speed component of 7.3 m/s perpendicular to the conductors. In contrast to the first case study, the winds during the second case study allow a clear, consistent definition of trajectories. The average, vertical-velocity wind component is consistently downward in each profile set. The magnitude matches approximately the value for flow parallel to the sloping site. The average, intersection point on the profile tower is near the 12-m conductor height.
Although almost masked by the background variability, discernible peak ozone features that are attributed to ozone from the energized conductors occur in several of the downwind profiles. Based on observations, no corresponding peak structure exists in the upwind monitor record. These downwind ozone peaks are identifiable because their peak values and vertical extents are larger than those exhibited by the background variability. These downwind peaks are not coupled with variations in temperature or moisture profiles and occur in cases with relatively smaller wind speed variability.
The upsweep profile for 07:34:52 to 07:40:11 is -an interesting example that has both natural and apparent conductor-derived ozone variations (see Figure 8 ).
The dual ozone traces show similar variations up to 10 m, indicating natural variations. At 13 and 19 m, ozone peak features occur, both with peaks of about 1.5 ppb and a vertical standard deviation of 1.5 m. Lack of simi l ar structure in either the upwind or concurrent micrometeorological profiles indicates that a local source caused these peak ozone variations.
There are two alternative interpretations for this dual peak: the ozone plumes from the conductors may have been intersected twice by the roving sensor, or the two peaks may be separate plumes from the two energized conductor lines. Table 3 contains a comparison of observed and predicted ozone source terms for this dual peak example and several other profiles with similar ozone peaks. Table 4 presents the values used in the derivation of Table 3 estimates results from using observations for maximum conditions (ozone peaks) and predictions based on halfhour average values (corona currents). Figure in Reference [17] G The results in Table 3 show that conductor source-term interpretations of the peaks in this series are consistent with the predicted ozone production rates. The agreement in Table 3 is quite good, considering the variability in the profiles and uncertainty in the corona-loss estimates. The observed values are slightly higher than the predicted values but are still within one standard deviation of the range of the observed values. 162-165, 1972. Manuscript received August 13, 1979 James G. Droppo: The author appreciates the discussion and useful points raised by the discussor.
The use of a roving system with fixed height monitor upwind is felt to be superior to using fixed heights on both sides. The justification for comparison of fluctuations between a fixed and roving system does merit additional clarification. Numerous tests were made measuring ozone at two fixed heights during fair weather conditions. There were no identifiable plumes and the variability in ozone concentrations were equivalent. In contrast there were obvious differences in variability during the precipitation case studies. Atmospheric mixing during the precipitaiton conditions should be moderate; typical of neutral atmospheric conditions. The variability in the roving profile should be the same at the fixed monitor height, and show continuity to other heights.
In the first case, the wond direction was shifting and there was evidence of a corresponding shifting of ozone detected by the monitors on both sides of the energized conductors. In the second case the wind direction was steady across the conductors. The apparent plumes occurred over the entire downwind ozone profile with no evidence of equivalent plumes in the upwind monitor. This comparison of the ozone traces led to the conclusion that the apparent plumes are not natural variability, but emissions from the energized conductors.
The source terms expressed in ppb mls-'may be converted to g m-' s-' by multiplying by 1.96 x 106.
The data base of plume concentrations is not large enough to allow definition of the funcitonal variation with temperature, humidity, and conductor parameters for DC corona.
The conductor surface gradients were on the order of 25.5 kV/cm for 500 kV and 28.1 kV/cm for 550 kV.
The tracer tests were independent tests made to define the flow characteristics at the site. These were made prior to the ozone profile measurements to insure that plumes from the energized conductors would be intersected by the roving ozone system. These tests consisted of visual observations (documented with slides and motion pictures) of a visible plume released on each of the conductors. Manuscript received November 20, 1979.
